ABSTRACT Aiming at realizing ubiquitous spectrum access and improving the spectrum efficiency in a software-defined network, in this paper, we adopt the concept of cognitive radio and propose a joint subcarrier and power allocation (JSPA) scheme for reciprocally benefited spectrum access with secondary users (SUs) cooperating with primary users (PUs). In our proposed JSPA scheme, SUs adopt the decodeand-forward relaying protocol to help PUs in a two-stage way. Meanwhile, a fraction of unallocated licensed spectrum is allocated for the secondary transmission in every stage. However, if the two-stage cooperation still cannot satisfy the PUs' outage quality-of-service (QoS) requirement, SUs then switch to the access mode and entirely capture the licensed spectrum. Our proposed scheme is to maximize the average transmission rate of SUs through joint optimal subcarriers and power allocation under the constraint of PUs' outage QoS requirement. The closed-form expressions about the outage probability and average transmission of both PUs and SUs are derived, and we prove the optimality of our scheme. Simulation results show that, compared with the conventional cognitive cooperation scheme, the average transmission rate of SUs is improved.
I. INTRODUCTION
With the rapid proliferation of information and communication technologies, such as mobile, social, cloud and big data, ubiquitous accessibility, high bandwidth and dynamic management are crucial for the future computer network [1] . However, due the complexity of the tradition IP networks, the current Internet network hardly supports the demand for future communication which motivates the concept of software-defined networking (SDN) [2] . As a key feature of the 5G network, SDN breaks the vertical integration by separating the network's control plane and data plane and makes the network switch simple and ubiquitous [3] - [7] .
However, in the traditional wireless networks, as the traditional fixed radio spectrum allocation strategy causes network isolation among the current wireless communication networks such as LTE, Wi-Fi, and CDMA, it is hard to realize ubiquitous spectrum access. In addition, due to vast temporal and spatial variations in the usage of allocated spectrum, the traditional spectrum allocation strategy causes low spectrum utilization efficiency according to the US FCC report [8] .
To efficiently utilize the scarce spectrum, the concept of cognitive radio was proposed in [9] which allocates SUs without licensed spectrum to opportunistically share the licensed spectrum with PUs. In SDN, we can employ the cognitive radio technique to realize the ubiquitous spectrum access in interweave, underlay or overlay modes [10] - [12] . For the interweave spectrum sharing mode, SUs detect unused licensed spectrum (known as white space) to access and avoid interference to PUs. For the underlay spectrum sharing scheme, SUs access the spectrum concurrently with the transmission of PUs under the interference temperature constraint of the primary system. 1 For the overlay spectrum sharing mode, SUs actively relay PUs' data packets in exchange for opportunities of spectrum access. Due to the inevitable sensing errors and undetermined interference threshold, it is hard for PUs to be not adversely affected by SUs in the interweave and underlay modes [13] . In addition, the poor direct channel quality further degrades the performance of the primary system and lowers the spectral efficiency simultaneously. Cooperative communication, which is considered as a promising spectrum sharing strategy [14] , can support the QoS provisioning of PUs and provide spectrum opportunities for SUs in the overlay spectrum sharing mode [15] - [17] . Since better performance is expected for the primary system and the secondary transmission requirement can be satisfied, cooperative communication in the overlay spectrum sharing mode in SDN is a win-win scheme for both systems which will be investigated in this paper. Excellent reviews about cooperative communication for the spectrum sharing in cognitive radio networks of current literatures are given in [18] - [26] . References [18] - [20] study the cooperative communication between PUs and SUs in the time domain. In these schemes, the primary system accomplishes its transmission with the assistance of the secondary system. Due to the advantage of cooperation transmission, the outage performance of the primary system is ameliorated and the transmission time can be shortened. Then, as a reward, SUs can access the licensed spectrum in the remaining time for the secondary transmission. The frequency division multiple access model is considered in [21] where the whole frequency band is divided into two disjoint bands and one is used to assist the primary transmission and the other is used for the secondary transmission. In [22] , a flexible channel cooperation scheme is proposed in both decentralized and centralized settings. In this scheme, SUs are allowed to freely optimize the utilization of channels for transmitting primary data along with their own. In [23] , the ARQ control signal is used for spectrum sharing. In this strategy, SUs assist the primary system to accumulate credits which are utilized by the secondary system to gain spectrum opportunities of the retransmission slots of the primary system. In [24] and [25] , the authors prove that the scaling law of the primary network can be improved when SUs are available to assist PUs. Owing to the flexibility in assigning transmission resources, orthogonal frequency division multiplexing (OFDM) is recognized as a potential technology for spectrum sharing. [26] learns the two-stage decode-and-forward (DF) spectrum sharing protocols which is denoted as LWLZ in OFDM-based cognitive networks. The secondary system decodes the signal which is received from PU in the first stage and utilizes a fraction of subcarriers to forward PUs' information in the second stage. The remaining spectrum in the second stage is occupied by SUs for their own transmission. However, the resource allocation in the first phase is not considered in above schemes which results in low spectrum efficiency and motivates us to propose a spectrum sharing scheme to efficiently utilize the spectrum.
In this paper, we propose a JSPA scheme which will realize ubiquitous spectrum access and improve the spectrum efficiency in SDN. Our scheme considers the power and subcarrier allocation in both two stages which is different from the above schemes. In our proposed scheme, the primary system predicts its achievable outage rate firstly to decide whether to seek cooperation with SUs or not.
Once receiving the assistance requirement, SUs will estimate their ability to determine the operation mode. On one hand, if SUs can help PUs to avoid transmission outage, SUs will operate in the cooperation mode in a two-stage way. In the first stage, SUs receive and store PUs' data. Moreover a fraction of licensed spectrum is allocated for SUs. In the second stage, SUs decode and forward PUs' data packets. Meanwhile, a part of the unallocated spectrum is assigned to SUs under the constraint of PUs' outage QoS requirement. On the other hand, if the primary outage is inevitable even with the assistance of SUs, SUs then work in the access mode and capture the licensed spectrum entirely. In our developed JSPA scheme, the joint subcarrier and power allocation problem is studied. With the target to maximize SUs' transmission rate, we formulate the joint optimization problem. The closed-form expressions for the outage probability and average transmission rate of PUs and SUs are derived and we prove the optimality of our scheme. Simulation results show that compared with the conventional cognitive cooperation scheme, the average transmission rate of SUs improves.
The rest of this paper is organized as follows. Section II describes the system model of our developed JSPA scheme. Section III interprets our proposed joint subcarrier and power allocation scheme particularly. The optimal resource allocation problem is formulated and solved in this section. The performance analysis is illustrated in section IV. We conduct extensive simulations in Section V, and Section VI concludes the paper.
II. SYSTEM MODEL
We consider a overlay spectrum sharing system in SDN as shown in Fig. 1 , where a primary system coexists with a secondary system. In this model, the primary system which includes one primary transmitter (PT) and receiver (PR) pair is delay-constrained. The secondary system which consists of one secondary transmitter (ST) and receiver (SR) pair can cooperate with PUs to relay their data. In our system, the primary system has the right to assign licensed spectrum to SUs while the secondary system does not have any licensed spectrum. This model can capture a SDN scenario, where the PU is a legacy mobile user that communicates with the macro base station over the licensed spectrum while SUs are the moving users with none licensed spectrum. PUs and SUs will exchange messages to control the transmission of both the primary and secondary data. The interference among different secondary systems significantly adds the complexity of the optimization problem, and shall be dealt with as a separate issue on its own right.
In our model, ST adopts the DF relaying protocol to help the primary system in the cooperation mode when the direct transmission of PUs experiences outages (e.g., the direct transmission channel quality is serious due to large-scale fading or interference in the primary networks). The optimal cooperative SU selection strategy is not considered in our scheme which can refer to [27] and [28] . We assume that the secondary system is time synchronized with the primary system [29] and both systems experience independent and frequency-selective Rayleigh fading. There are K subcarriers in our system, which are denoted as set K. With OFDM modulated, the channel seen at each subcarrier is modeled as frequency-flat Rayleigh fading [26] , [30] which means that the channel state remains invariant within an OFDM symbol and independently varies from one OFDM symbol to another. The knowledge of instantaneous channel state information (CSI) is available for both the primary and secondary systems in our scheme [29] . The channel coefficients of PT → PR and PT → ST links over kth (1 ≤ k ≤ K ) subcarrier are denoted as h 1,k and h 2,k , respectively. Similarly, the channel coefficients of ST → PR and ST → SR links are denoted as h 3,k and h 4,k , respectively. The channel power gains of PT → PR, PT → ST, ST → PR and ST → SR are
who follow exponential distributions with parameters , respectively.
To easily analysis the performances of our developed scheme, we assume that all noise variables are cyclic symmetry complex Gaussian random variables with zero-mean and unit variance. The primary and secondary signals are denoted as x p,k and x s,k , respectively. x p,k and x s,k are defined as
The allocated power for each subcarrier by PUs is denoted as p p,k which is acquired by the optimal water-filling method as
where (x) + = max(0, x), η is selected to satisfy K k=1 p p,k = P p and P p is the transmit power budget of the primary system. The transmit power budget of the secondary system is P s . The subcarriers which are used in the first and second stages are denoted as k and k (1 ≤ k, k ≤ K ), respectively. The power allocated by the secondary system can not exceed its total power budget and satisfies
where p s,k and p s,k are PT's transmit power on the kth and k th subcarrier in the first and second stages, respectively. In our system, we consider the joint allocation of the sets of subcarriers for cooperation and power for each subcarrier in both two stages. To maximize the transmission rate of SUs, we formulate the optimization problem to optimally allocate the subcarrier and power.
III. THE JOINT SUBCARRIER AND POWER ALLOCATION SCHEME
In our scheme, the primary system has right to allocate the licensed spectrum to the secondary system. We assume that the secondary system has codebooks of PUs to assist primary [31] . The operation mode of the secondary system depends on the primary direct channel quality. Through careful allocating subcarriers and power with the constraint of PUs' outage QoS requirement, both the primary and secondary systems can benefit.
A. THE DESCRIPTION OF OUR DEVELOPED JSAP SCHEME
We assume that PR can acquire the CSI of its direct transmission link through feedback to predict its outage events. The instantaneous transmission rate (in one OFDM symbol) of the primary system is R d , which is given by
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where R p represents the target transmission of the primary system.
FIGURE 2.
The critical rate regions of our proposed scheme.
In Fig. 2 , we demonstrate the outage region and the direct transmission region. When the direct channel quality of PUs is too serious to support PUs' target transmission rate R p , PUs will experience outage. The outage region is divided into two regions: the full access region and the cooperation region, which is shown in the lower part of Fig. 2 . In the full access region, the primary system ceases its transmission and the second system employs all its power and all the licensed spectrum to transmit its own signals. In the cooperation region, the secondary system has the ability to guarantee the outage QoS requirement of PUs and a part of spectrum is allocated for the secondary transmission as a reward.
Our scheme is implemented as below. When PUs predicts that their direct transmission experiences outage, They will exchange signals with SUs to acquire cooperation. Particularly, PR broadcasts a RTC (Require-to-Cooperate) signal to seek cooperation with the nearby SU. PT acknowledges with an ATC (Acknowledge-to-Cooperate) signal when it receives RTC signal. We assume that the power allocation parameters p p,k and the target rate R p are embedded in ATC signal and the CSI knowledge between PT and PR is embedded in RTC signal. When ST receives RTC and ATC signals, it will estimate its ability to decide whether to help the primary system. With the CSI knowledge of PT → ST and ST → PR and its power budget constraint, PR achieves its maximum information rate R max when ST acts as a pure relay by employing all its power and all the licensed subcarriers for the primary transmission. If the maximum transmission rate of PUs can reach its target rate, PUs and SUs work in the cooperation mode and ST informs PUs by CTC (Confirm-to-Cooperation) signal. On the other hand, if the primary system still experiences outage even with the assistance of ST, ST informs the primary system by RTC (Reject-to-Transmission) signal. The primary system then stops its transmission and the secondary system works in the full access mode and utilizes all the licensed spectrum and power for the secondary transmission.
B. TRANSMISSION MODES
In this section, we will interpret our proposed two transmission modes of the JSPA scheme in detail.
1) THE FULL ACCESS MODE
Once receiving the cooperation request, the secondary system will estimate the maximum transmission rate of the primary system with the assistance of ST to determinate the transmission mode. If the transmission rate of the primary system could not reach its target rate with the assistance of the secondary system, the primary system will cease its transmission and the secondary system will operate in the full access mode by occupying all subcarriers and devoting all its power for the secondary transmission. Otherwise, both the primary and secondary systems will work in the cooperation mode.
When ST acts as a pure relay, the primary system will acquire its maximum transmission rate. The maximum transmission rate of PUs is calculated as below.
In the first stage, PT broadcast its signal to PR and ST and the received signal at PR and ST is
and
respectively, where x p,k is PT' signal on kth subcarrier, n 1,k and n 2,k are the noise variables at PR and ST on kth subcarrier, respectively. The primary transmission rate R max 1 at ST is
In the second stage, the secondary system adopts the DF relaying protocol to relay PUs' data. We use k instead of k to denote the subcarrier used in the second stage. The received signal at PR is
where x sp,k is the relaying signal, n 3,k is noise variable of the channel ST → PR on k th subcarrier and p sp,k is ST's power to relay the primary message.
With the optimal MRC rule, the transmission rate of PR is given by (11) where p sp,k is the power allocated by ST through the optimal water-filling method. It can be calculated by p sp,k = (
The maximum transmission rate of the primary system with SUs' assistance is
When R max < R p , the primary system still experiences outage. Then the primary system stops its transmission. At the same time, the secondary system works in the full access mode. Under this condition, the transmission rate of SUs is
where p s,k is the power allocated by the optimal water-filling method for the secondary transmission on kth subcarrier.
2) THE COOPERATION MODE
If the transmission rate of the primary system could reach its target rate with the assistance of the secondary system, both the primary and secondary systems work in the cooperation mode. The secondary system uses a fraction of power to help the primary system to guarantee its outage QoS requirement and ST is compensated by employing a fraction of subcarriers for the secondary transmission. The cooperative transmission is implemented in a twostage way as shown in Fig. 3 . In the first stage, the primary system employs G 1 subcarriers to transmit its own data and the remainingḠ 1 subcarriers are allocated for SUs, where
In this stage, PT transmits its signals through subcarriers G 1 and the received signals at PR and ST are given by (7) and (8), respectively where k ∈ G 1 . Meanwhile, ST accesses the remaining subcarriersḠ 1 to transmit its own information which is given by
where x p,k is ST's signal, n 4,k is noise variable at SR on kth subcarrier and p ss,k is ST's transmit power on kth subcarrier. Here, k ∈Ḡ 1 . The transmission rate of the primary system is
where the factor 1/2 is due to the two-stage transmission. The primary transmission rate at ST is
SR receives data from ST through kth (k ∈Ḡ 1 ) subcarrier and the transmission rate of the secondary system is
The factor 1/2 is removed as the subcarriers inḠ 1 is used by the secondary system in both stages.
In the second stage, the secondary system adopts the DF relaying protocol to relay PUs' data. As the channel quality varies, a fraction of subcarriers of G 1 which are denoted as G 2 may guarantee PUs' transmission requirement. Therefore, we use the set of subcarriers G 2 to forward PUs' data as (10) where k ∈ G 2 and G 2 ⊆ G 1 . The remaining subcarriers in G 1 which are denoted asḠ 2 are allocated for ST for the secondary transmission to further improve the secondary performance. The signal received at SR is
where k ∈Ḡ 2 , x s,k is the signal of the secondary system, and p ss,k is the power allocated by ST to transmit its own information. PR receives signals from the direct and relay links and adopting the optimal MRC rule, the achieved information rate at PR is
where the first item of right side is MRC result and the second item of right side is the primary transmission rate through subcarriers G 1 − G 2 . By using the subcarriers inḠ 2 , the secondary system can acquire instantaneous rate as
In order to satisfy the QoS requirement of the primary system, min(R 1 , R 2 ) must reach the target transmission rate of PUs. Meanwhile, the secondary system obtainsḠ 1 subcarriers to use in both stages andḠ 2 subcarriers to use in the second stage.
Regarding to the full access mode, we adopt the waterfilling method to easily allocate the transmission power for each subcarrier. However, it is hard to allocate the subcarriers and power in the cooperation mode which will be investigated in Section III-C. Specifically, we will jointly allocate the set of subcarriers used for cooperation and the power for each subcarrier to maximum the transmission rate of the secondary system, while assists the primary system, as a higher priority, to reach its target rate. The optimal problem will be formulated and solved in Subsection C.
C. RESOURCE ALLOCATION
As it is easy to allocate resource for SUs in the full access mode, we put our emphasis on the subcarrier and power allocation in the cooperation mode. In this section, we will try to allocate subcarriers (eg. G 1 and G 2 ) and ST's power (eg. p sp,k , p ss,k and p ss,k ) in two stages to maximize the transmission rate of SUs with constraints of ST's total power and PUs' QoS provisioning. The joint power and subcarrier allocation problem can be formulated as
where P p ss,k , p sp,k , p ss,k . The upper two constraints guarantee the QoS provisioning of the primary system and the remaining constraint is the total power constraint of SUs. To optimally allocate subcarriers and power, we need to solve a mixed integer programming problem. We can adopt the exhaustive search method to achieve the optimal result. However, it is computationally prohibitive since it involves
C M i ) possibilities of subcarrier sets [32] . For example, when K = 32, there will be 1.8530e + 15 possibilities of subcarrier sets. Therefore, in this paper, we use the dual decomposition method to solve this problem in two computationally efficient steps in the following two subsections. The duality gap of JSPA in multi-subcarrier system is nearly zero if the number of subcarriers is large enough, such as K ≥ 32, and it is proved in Section IV.
1) THE DUAL PROBLEM
The Lagrange dual function of (21) can be written as
where L(G 1 , G 2 , P) is the Lagrange function which is given by (23) at the bottom of this page and β R 1 , β R 2 ,and β P are Lagrange multipliers who are associated with subcarrier and power allocation variables. Then, the dual optimization problem can be defined as
where β R 1 , β R 2 , β P ≥ 0. The dual problem is always convex, and we can solve it in the following steps.
2) THE OPTIMAL POWER AND SUBCARRIER ALLOCATION WITH GIVEN DUAL VARIABLES
The dual optimization problem can be computed in the following steps with given β R 1 , β R 2 and β P points. In the first step, we calculate the optimal vector p ss,k , p sp,k , p ss,k with given sets G 1 and G 2 . In the second step, we can use the optimal power allocation parameters to figure out the optimal subcarrier sets G 1 and G 2 .
a: THE OPTIMAL POWER ALLOCATION WITH GIVEN G 1 AND G 2
Supposing that subcarrier allocation parameters are given, we can use the partial derivatives of the Lagrange function (23) to derive the optimal power allocation. The partial derivatives are given by
Applying the Karush-Kuhn-Tucker conditions, we can acquire the optimal power allocation parameters by setting the partial derivatives equal to zero. The power allocation parameters are obtained as
b: OPTIMAL SUBCARRIER ALLOCATION
Substituting the optimal power allocation parameters into (23), we can rewrite the Lagrangian function as (27) which is shown at the top of this page. With some mathematical manipulations, the Lagrange function can be rewritten as
where
As only the first and second items on the right-side of (28) involve the subcarrier allocation parameters, we only need to maximize these two items to maximize the Lagrange function. The optimal subcarrier allocation problem is demonstrated as
As G 2 ⊆ G 1 , the k th subcarrier which is in set G 2 in the second stage will be in set G 1 . As k th is denoted as k in the first stage, therefore we only need to find set G 1 that satisfies
in the first stage and set G 2 that satisfies (T 1 k + T 2 k ) > 0 in the second stage. Then we can acquire the optimal subcarrier allocation parameters.
As we have acquired the optimal power and subcarrier allocation parameters, then we only need to update the Lagrange multipliers to acquire optimal β = β R 1 , β R 2 , β P and update it as
where step size α t follows a diminishing step-size policy [33] , t is update time and subgradients of g(
The subgradient method confirms that our proposed scheme converges to the optimal β [33] and we can optimally allocate resource for both systems. The subcarrier and power allocation algorithm is demonstrated in Algorithm 1.
IV. PERFORMANCE ANALYSIS
In this section, we will analysis the performances of both the primary and secondary systems in our developed JSPA scheme.
A. THE OUTAGE PROBABILITY OF THE PRIMARY SYSTEM
Our scheme utilities the situation that the direct transmission of PUs experiences outage. With ST's help, the information rate of the primary system can reach its target rate and the secondary system can acquire a fraction of the licensed spectrum for its own transmission. If the transmission rate of PUs still cannot reach its target rate even with SUs' assistance, PUs experience outage. The outage probability of PUs is given by The primary system transmits its signals directly and the secondary system ceases its transmission. 4: else 5: if R max ≤ R p then 6: The primary and secondary systems work in the full access mode. The primary system ceases its transmission and the secondary system occupies all subcarriers. The primary and secondary systems work in the cooperation mode. Calculating G 1 and G 2 according to (29) and ( 30) with the optimal P; 13: Updating β t+1 = β t + α t β according to (33); 14: until 15: β t+1 − β t ≤ ε.
16:
end if 17: end if where P out 1,max and P out 2,max are the outage probabilities of links PT → ST and ST → PR, respectively. To easily analysis the performance, we assume that all channels in the same transmission link have the same channel quality. Therefore, we only derive the average performance of both PUs and SUs. As all channels experience Rayleigh fading, the variables , respectively. Hence, the average outage probability of the direct transmission is
P out 1,max is
and P out 2,max is demonstrated as at the bottom of this page.
Substituting (35), (36) and (37) into (34), we can acquire the closed-form expression for the average outage probability of the primary system.
B. THE PROBABILITY OF WORKING IN FULL ACCESS AND COOPERATION MODES
The probability of working in the cooperation mode is
The probability of working in the full access is
Substituting (34), (35), (36) and (37) into (38) and (39), we can acquire the closed-form expressions for the average probabilities of operating in the full access and cooperation modes, respectively. The probabilities of working in the full access and cooperation modes are demonstrated in Fig. 4 . In this figure, we can observe that the probability of working in the full access mode increases when σ 2 1 decreases. The reason is that the secondary system has finite power to assist PUs and the primary system still experiences outage even with the assistance of SUs under condition of serious direct channel quality. However, when σ 2 1 is large, the direct transmission of PUs experiences few outages which lead to low probability to work in the cooperation mode. Furthermore, when P s increases, the probability of working in the cooperation
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mode increases. The reason is that large P s means SUs have more power to relay PUs' data. However, due to the constraint of channel quality between PT and ST, the probability of working in the cooperation mode remains invariant with tremendous P s . The probability of working in the full access mode increases when P s decreases as lower power budget means less power to support the QoS requirement of PUs.
C. THE AVERAGE TRANSMISSION RATE
According to our proposed resource allocation scheme, the average transmission rate of the primary system is shown in (40) which is at the top of this page. The average transmission rate of the secondary system is (41), which is also shown as at the top of this page.
D. THE PRIMARY POWER SAVING EFFICIENCY
The power saving efficiency of PUs is defined as
In our developed JSPA scheme, the power of PUs is allocated by the optimal water-filling method. If the primary system experiences outages, the power for retransmission of can be saved in our scheme. As we consider subcarrier and power allocation in both stages, we can make full use of the spectrum for the secondary transmission.
E. THE DUAL GAP OF OUR DEVELOPED JSPA SCHEME
Denote U p and U d as the optimal objective values of the original and dual problem, respectively. Denote function
As a k and a k are integers, we can relax them into continuous values to make the problem easy to solve. The optimal value of the relaxed problem is denoted as U r .
Proposition 1: For given Lagrange multipliers, the elements of the optimal allocation variables a k and a k can be 0 − 1 integers and only one is non-zero, for all k, k ∈ A.
Proof: See Appendix A in [34] . Proposition 1 informs that binary allocation variables are retrievable and optimal ones from the dual method for (21) , which implicates that if (21) can be solved by its dual problem (zero-duality-gap), the relaxation is tight i.e., U p = U r = U d and the dual method will be globally optimal.
As mentioned in Proposition 1, it is necessary to look into the dual gap of our scheme to confirm the optimality of dual approach and the tightness of relaxation.
Theorem 1: The subcarrier and power allocation problem (21) can be solved through its dual problem (24) , when the number of subcarriers K is sufficiently large, and the dual gap is bounded as follows:
Proof: See Appendix C in [34] . Theorem 1 reveals that when K is sufficient large, the dual gap of (21) and (24) is zero and we can acquire the optimal solution for our scheme.
V. SIMULATION RESULTS
In this section, we will evaluate the performances of our proposed JSPA with empirical parameters. In our simulation, we consider a pair of SUs and a pair of PUs. There are 32 subcarriers and each of them experiences quasi-static frequency-selective Rayleigh fading. To easily simulate our scheme, we set σ 2 2 = σ 2 3 = σ 2 4 = 0 dB. σ 2 1 is tested with various values. The power budgets of the primary and secondary systems are P p = 10 dB and P s = 10 dB, respectively. The target transmission rate of the primary system is 3 bps/Hz unless otherwise specified. With these parameters, we can guarantee that both systems can work in the cooperation mode with certain probability. In addition, we will plot the scheme in [26] , denoted as LWLZ, for comparison where SUs also employ the outage region of the primary direct transmission to assist the primary transmission during the second stage and transmit the secondary message only during the second stage.
A. THE OUTAGE PROBABILITY OF THE PRIMARY SYSTEM
The outage probability of the primary system is shown in Fig. 5 . In this figure, we evaluate the outage performance of PUs with respect to different σ 2 1 . When σ 2 1 is large, the direct transmission link is suitable for PUs's transmission. The primary system experiences few outages and the secondary system has few opportunities to access the licensed spectrum. Under this condition, the performance gap between our proposed scheme and direct transmission scheme is small. When σ 2 1 decreases, the secondary system has more opportunities to help the primary system and the outage performance of our proposed JSPA scheme has prominent improvement. Large R p makes it difficult for the primary system to avoid outage even with the assistance of SUs. Small P s means that the secondary system has finite ability to help the primary system. However, low R p and large P s make the primary system benefit much even the direct channel quality is weak. As the LWLZ scheme also employ the outage region of the primary direct transmission, therefore, the outage performance of the primary outage probability is the same. Fig. 6 shows the fraction of subcarriers allocated for the secondary transmission in the cooperation mode with different target transmission rates versus P s . When P s increases, the secondary system has more power to assist the primary system. As we only ensure that the transmission rate of PUs reaches R p , the remaining subcarriers and power will be used for the secondary transmission. Larger power budget means that there will be more power allocated for each subcarrier to relay PUs' data and few subcarriers used for the primary transmission. Therefore, there are more idle subcarriers for the secondary transmission. Large R p means that it needs more power and subcarriers to help the primary system and SUs only employ few subcarriers for their own transmission. As our scheme considers the resource allocation in both stages, there are more subcarriers allocated for the secondary transmission than [26] who only considers the resource allocation in the second stage. 
B. THE RADIO OF SUBCARRIER ALLOCATED FOR THE SECONDARY TRANSMISSION IN THE COOPERATION MODE

C. THE AVERAGE TRANSMISSION RATE OF THE SECONDARY SYSTEM
In the end, we show the average achieved transmission rate of the secondary system. The average rate is acquired by
where Pr(R c ) and Pr(R f ) are probabilities that the secondary system operates in the cooperation and full access modes, respectively. E {R c } and E R f represent the average transmission rates of the secondary system in the cooperation and full access modes, respectively, which are shown in Fig. 4 .
The average transmission rate of the secondary system is demonstrated in Fig. 7 and Fig. 8 . In Fig. 7 , we demonstrate the average transmission rate of the secondary system versus σ 2 1 . This figure shows that the secondary transmission rate will increase when the direct channel quality of PUs is serious. Low σ 2 1 means that it is difficult for the primary system to reach its target transmission rate even with the assistance of SUs. Under this condition, SUs operate in the full access with high probability and devote more power for the secondary transmission. In this figure, we also observe that low target rate makes it easy to guarantee the QoS requirement of PUs. The secondary system can operate in the cooperation mode with high probability. The probability of working in the full access mode decreases which causes few subcarriers allocated for its own. Therefore, low target rate leads to few outages for PUs and low transmission rate for the secondary system. In this figure, we also show the protocol in [26] for comparison. As our proposed scheme makes full use of the subcarriers in both stages for the secondary transmission, the performance of the secondary system in terms of the average information rate improves compared with the scheme in [26] .
In Fig. 8 , we demonstrate the average transmission rate of the secondary system versus P s under the condition that σ 2 1 = −16dB. Large P s means that there is more power for the secondary system to assist the primary system and the probability of operating in the cooperation mode increases. Under this condition, there will be more subcarriers allocated for the secondary transmission in the cooperation mode which is shown in Fig. 6 and the remained power for the secondary transmission also increases. Therefore, the average transmission rate of SUs increases. When P s is large enough, the probabilities of operating in the full access and cooperation modes remain invariant. It is because that the probabilities of working in different modes are determined by the channel quality between PT and ST. This figure also shows that large R p always causes the secondary system to assign a small fraction of power and subcarriers for its own transmission and the average transmission rate decreases.
VI. CONCLUSION
In this paper, we propose a reciprocally-benefited spectrum sharing strategy which jointly allocates subcarriers and power for both the primary and secondary systems in SDN with cognitive ability. The primary and secondary systems both can benefit from this scheme. The primary system experiences few outages with SUs' assistance and the energy for retransmission can be saved when outage is inevitable. The secondary system can acquire opportunities to access the licensed spectrum without sensing the channels. We formulate the optimization problem and optimally allocate power and subcarriers for PUs and SUs. Performance analysis and simulation results show that our scheme outperforms the traditional schemes. 
